The location of embryonic lymph node development is determined by the initial clustering of lymphoid tissue-inducer (LTi) cells. Here we demonstrate that both the chemokine CXCL13 and the chemokine CCL21 attracted LTi cells at embryonic days 12.5-14.5 and that initial clustering depended exclusively on CXCL13. Retinoic acid (RA) induced early CXCL13 expression in stromal organizer cells independently of lymphotoxin signaling. Notably, neurons adjacent to the lymph node anlagen expressed enzymes essential for RA synthesis. Furthermore, stimulation of parasymphathetic neural output in adults led to RA receptor (RAR)-dependent induction of CXCL13 in the gut. Therefore, our data show that the initiation of lymph node development is controlled by RA-mediated expression of CXCL13 and suggest that RA may be provided by adjacent neurons.
Lymph nodes have a central role in the immune system, as they promote efficient interaction of antigen-presenting cells and lymphocytes, which increases the chances that rare antigen-specific lymphocytes become activated. The earliest steps described in lymph node development involve clustering of hematopoietic lymphoid tissue-inducer (LTi) cells with stromal organizer cells [1] [2] [3] , followed by engagement of the lymphotoxin-β receptor (LTβR (A001440)) on stromal organizer cells by lymphotoxin-αβ (LTαβ (A001438 and A001439)) 4, 5 . Embryonic LTi cells in mice are characterized as CD45 + CD4 + CD3 -α 4 β 7 + cells 1, 6 and require the nuclear retinoic acid (RA) receptorrelated orphan receptor RORγt (A002302) and transcriptional inhibitor Id2 for their formation 5, 7, 8 , interleukin 7 receptor-α (IL-7Rα (A001267)) for their survival and differentiation 9, 10 and LTαβ for their function 4, 9 . Stromal organizer cells are triggered by LTβR to synthesize chemokines and adhesion molecules that attract and retain more LTi cells 11 . Lack of LTβR triggering, as seen in mice that lack LTαβ or LTβR, results in the absence of most lymph nodes 12, 13 . However, clustering of LTi cells during the first stage of lymph node development is still observed in LTα-deficient mouse embryos 5, 9, 14 . The fact that LTi cells cluster independently of LTβR signaling indicates that the chemokines that initially attract LTi cells must be induced by other mechanisms.
The chemokines CXCL13 (A000378), CCL19 and CCL21 (A002167) are involved in LTi cell homing and lymph node development 15, 16 .
Lack of the genes encoding CCL21 and CCL19 or their receptor, CCR7, does not prevent lymph node development. However, mice deficient in CXCL13 or its receptor, CXCR5 (A000637), fail to develop peripheral lymph nodes but not mesenteric, facial or cervical lymph nodes. Only the combined elimination of CXCL13, CCL19 and CCL21, or of their receptors, CCR7 (A000630) and CXCR5, results in the absence of most lymph nodes, except the mesenteric lymph nodes [16] [17] [18] . However, the source and function of each individual chemokine during lymph node development remains unknown.
Analysis of the earliest steps in Peyer's patch development has suggested a link between neuronal development and lymphoid organ development. The receptor tyrosine kinase Ret, which is involved in the binding of glial cell line-derived neurotrophic factor and is essential for the migration of neural crest cells and formation of the mammalian enteric nervous system 19 , is also required for the migration of CD11c + c-Kit + hematopoietic cells that are involved in Peyer's patch formation. Thus, mechanisms that guide nerve fibers may also direct hematopoietic cells to induce Peyer's patch formation.
RA is a vitamin A metabolite that is crucially involved in the development of the nervous system. Lack of RALDH2, the enzyme that metabolizes vitamin A into RA, causes loss of neural crest cell migration 20 and enteric neuron development 21, 22 . RA also is important in several effector functions of the immune system, including immunoglobulin A (IgA) expression by B cells and B cell migration 23 A r t i c l e s induction of chemokine receptors and gut-homing molecules on T cells [24] [25] [26] and the induction of regulatory T cells and suppression of IL-17-producing helper T cells 27 . However, the role of RA in lymph node development is unknown.
Here we show that CXCL13 was crucially involved in the initial clustering of LTi cells and that RA was essential for the early, LTβR-independent expression of CXCL13. Nerve fibers adjacent to CXCL13-expressing stromal organizer cells expressed RALDH2, which suggested that neuron-derived RA led to the expression of CXCL13. In support of that hypothesis, we found that enhancing parasympathetic output activity by means of efferent vagal nerve stimulation led to RA receptor-dependent induction of CXCL13 in the intestine. Thus, we propose that neuronal production of RA promotes early, LTβR-independent expression of CXCL13, which in turn leads to the initial clustering of LTi cells and the initiation of lymph node development.
RESULTS

CXCL13 and CCL21 attract LTi cells at embryonic days 12.5-14.5
To study the chemokine responsiveness of LTi cells and their precursors at embryonic days 12-14 (E12-E14), we enriched samples for cells from peripheral lymph node anlagen by removing all internal organs, including the mesenteric lymph nodes and intestines, and enzymatically digested the remaining embryonic tissue. We placed the resulting single-cell suspensions in the top chamber of a Transwell system and allowed cells to migrate toward various chemokines, at their predetermined optimal concentration, located in the bottom chamber. We observed that CXCL13 and CCL21 'preferentially' attracted CD4 + CD45 + LTi cells (Fig. 1a) , which corresponded to expression of the receptors responsible on these cells (CXCR5 and CCR7, respectively; Supplementary Fig. 1) . A large fraction of the cells that responded to the chemokines had intermediate expression of c-Kit, a hematopoietic stem cell marker used before as a marker for the precursor LTi cell population 28 (Fig. 1b) . In contrast, CXCL12 attracted LTi cells to some extent (20% specific migration, defined as 20% more LTi cells in migrated population than the LTi cell fraction in the original population minus the LTi cell fraction that underwent automigration) but also induced chemotaxis of c-Kit -CD45 + cells (40% specific migration of c-Kit -CD45 + cells compared with the original population minus c-Kit − CD45 + cells that underwent automigration; data not shown). There was less than 5% specific migration of hematopoietic cells toward CXCL10 and CCL11 during these stages of lymph node development (data not shown). These data suggest that CXCL13 and CCL21 'preferentially' attract LTi cells.
CXCL13 and CCL21 are expressed in lymph node anlagen As CXCL13 and CCL21 were able to specifically attract (precursor) LTi cells from E12.5-E14.5 lymph node anlagen, we analyzed the localization of these chemokines during the first phase of lymph node development. Analysis at E13.5 showed that CCL21 localized together with the lymphatic endothelial cell markers podoplanin ( Fig. 2a) and LYVE-1 ( Supplementary Fig. 2a ). In contrast, CXCL13 was expressed by podoplanin-low cells adjacent to lymphatic endothelial cells (Fig. 2b,c and Supplementary Fig. 2b ). Notably, we found CXCL13 expression in all lymph node anlagen ( Fig. 2b-e and Supplementary  Fig. 2b,c) , whereas the iliac lymph node anlagen located at the posterior side of the body ( Fig. 2f and Supplementary Fig. 2d ) was still devoid of lymphatic endothelial cells at this stage and hence lacked CCL21 expression. Despite the absence of CCL21 in some lymph node anlagen at this stage, CD4 + LTi cells still clustered around CXCL13-expressing cells (Fig. 2e,f and Supplementary Fig. 2e ). These data suggest that the early expression of CXCL13, not CCL21, controls the first clustering of LTi cells and thus the initial development of lymph nodes.
To test the hypothesis that CXCL13 is essential for the first steps in lymph node development, we examined E14.5 embryos from Cxcl13 -/-and Cxcr5 -/-mice. We found that E14.5 Cxcl13 -/-embryos lacked all lymph node anlagen ( Supplementary Fig. 3a,b) , although mesenteric and cervical lymph node are present in adult mice 16, 17 . Analysis of Cxcr5 -/-E14.5 embryos confirmed those results, as Cxcr5 -/-embryos also lacked clusters of LTi cells and lymph node anlagen ( Supplementary Fig. 3c,d ). However, there was a rudimentary mesenteric lymph node in Cxcr5 -/-mice at E16.5 ( Supplementary  Fig. 3e ). These data demonstrate that although migration of LTi cells toward CXCL13 is essential for the formation of the initial LTi cell-stromal cell clusters, the development of mesenteric lymph nodes can be partly restored during later stages in the absence of CXCR5 (ref. 17) .
As initial clustering of LTi cells occurs independently of LTβR signaling 5, 9 , we reasoned that CXCL13 should be expressed in Lta -/-embryos. Indeed, we found no differences between wild-type and Lta -/-mice in CXCL13 expression, as assessed by real-time PCR, in fractions enriched for mesenchymal cells from peripheral lymph node anlagen (E12.5-E13.5; Fig. 3a) . Furthermore, we found CXCL13 in Lta -/-lymph node anlagen (Fig. 3b) . The staining pattern for CXCL13 in Lta -/-lymph node anlagen seemed less abundant. As LTβR triggering may have already taken place in wild-type but not Lta -/-lymph node anlagen, this signaling might have contributed to the CXCL13 protein expression seen in wild-type lymph node anlagen. These data show that the earliest expression of CXCL13 occurs independently of LTβR signaling.
RA induces CXCL13 expression
As RA is crucial for various developmental processes, we tested whether RA could induce chemokine synthesis in fractions enriched for mesenchymal cells from peripheral lymph nodes (E13.5). Although Cxcl13 expression was significantly higher in the RA-treated cells, untreated and RA-treated cells did not differ in Ccl21 expression (Fig. 4a) . The expression of other genes regulated by LTβR signaling, such as Vcam1 or Madcam1 (refs. 11,14,29) , was not higher after RA stimulation (Fig. 4a) . Expression of Ltbr was not affected by RA (data not shown). Moreover, CXCL13 was induced equally well by RA in mesenchymal cells from Lta -/-embryos and those from wild-type embryos (Fig. 4b) . Thus, these data suggest RA-mediated induction of CXCL13 occurs independently of LTβR signaling.
RA regulates gene expression through DNA-binding RA receptors 22, 30 , which act by binding RA-response elements (RAREs) in target genes. In Cxcl13, we found several RARE-binding sites for the RA receptor RARβ but none for any other RA receptor (Supplementary Table 1 ). To determine whether RARβ was specifically involved in CXCL13 expression, we stimulated E13.5 mesenchymal cells with RA in the presence or absence of the selective RARβ inhibitors LE540 and LE135 (ref. 31) . Incubation of mesenchymal cells with RA considerably induced RARβ mRNA, which we still found in the presence of the RARβ inhibitors (Fig. 4c) . Induction of CXCL13 mRNA by RA, however, was completely prevented by RARβ inhibition (Fig. 4d) . Newly translated protein was needed for Cxcl13 induction, as we found no increase in CXCL13 mRNA when we stimulated mesenchymal cells with RA in the presence of the protein-synthesis blocker cycloheximide, even though RARβ mRNA expression was still induced in the presence of cycloheximide (Fig. 4e) . As CXCL13 induction depends on RARβ, newly formed RARβ is most probably needed for RA-mediated induction of CXCL13.
To determine whether RA-induced processes occurred in the lymph node anlagen in vivo, we used DR5-luciferase RARE reporter mouse embryos 32 . DR5 embryos analyzed at E13.5 and E14.5 had a normal appearance of lymph node anlagen (Fig. 4f) . CXCL13-expressing stromal cells in these lymph node anlagen had RARE activation, as shown by the expression of luciferase ( Fig. 4g and Supplementary Fig. 4) .
RA is essential for lymph node formation
Given that the induction of CXCL13 depended on the presence of RA and that CXCL13 was crucially involved in the initiation of lymph node development, then a defect in RA synthesis during embryonic development should result in a lack of lymph node anlagen. To test that hypothesis, we examined lymph node anlagen in RALDH2-deficient embryos (Aldh1a2 -/-; called 'Raldh2 -/-' here). As RALDH2 is the most important RA-synthesizing enzyme expressed during embryogenesis, the short-term development of these embryos is restored by transient RA supplementation at E8. 5 (refs. 33,34) . Analysis of E13.5 embryos showed that lymph node anlagen were absent from all embryos analyzed (n = 5; data not shown). At E14.5, we found residual lymph node anlagen containing a few CD4 + cells in the axillary region of Raldh2 -/-embryos (Supplementary Fig. 5a ). In addition, we detected lymph node anlagen with uncharacteristic localization of the α 4 β 7 integrin ligand MAdCAM-1, the integrin α 4 β 1 and α 4 β 7 ligand VCAM-1 and LYVE-1 in the cervical region. In normal cervical lymph node anlagen, MAdCAM-1 was located at the periphery of the cluster of A r t i c l e s hematopoietic cells, whereas after LTβR signaling, VCAM-1 and small amounts of MAdCAM-1 were present on stromal cells in the cluster of hematopoietic cells, and LYVE-1 was located on the lymph vessels surrounding the lymph node anlagen. In contrast, analysis of lymph node anlagen in the cervical region of Raldh2 -/-embryos at E14.5 showed that MAdCAM-1 was abundantly present on stromal cells in the anlagen and VCAM-1 had strong expression at the border of the anlagen, whereas LYVE-1 was not expressed on vessels but was expressed on single-positive cells (Fig. 5a-c and Supplementary Fig. 5b) . At both E13.5 and E14.5, most CD4 + cells were near the dorsal aorta along the entire dorsal side (Supplementary Fig. 5b ). Almost all CD45 + cells in the anlagen in the cervical region (Fig. 5d) were CD4 + and RORγt + , which confirmed their identity as LTi cells. Expression of lymphatic endothelial cell-derived CCL21 was very high in these anlagen (Fig. 5a) . As expected, CXCL13 expression was undetectable in most E14.5 Raldh2 -/-embryos analyzed (Fig. 5b) , which indicated that RALDH2 and its metabolic product RA were essential for CXCL13 expression at the start of the lymph node formation and the first LTi cell clustering. As LTβR triggering can also lead to CXCL13 expression, clustering of LTαβ + CD4 + LTi cells near CCL21-expressing lymphatic endothelial cells could subsequently lead to CXCL13 expression, as observed on one occasion in the cervical region of E13.5-E14.5 embryos (n = 7; data not shown). Our data thus support the hypothesis that RA is responsible for the early induction of CXCL13, which attracts the first LTi cells and initiates the formation of lymph node anlagen. However, in the absence of CXCL13, LTi cells can still respond to CCL21, which is expressed at later times in some locations and may also promote interactions between LTi cells and stromal organizer cells.
RALDH is expressed in adjacent nerve fibers
Having established that RA is crucial for lymph node development through the induction of CXCL13, we next used immunofluorescence (Fig. 6) . There was no staining for RALDH1 or RALDH2 near lymph node anlagen in the cervical area of Raldh2 -/-embryos (data not shown), which suggested that RALDH2, not RALDH1, was present near lymph node anlagen. In wild-type embryos, CXCL13-expressing cells were directly adjacent to RALDH2-expressing structures (Fig. 6a-c) , whereas RALDH2 was not detectable in either stromal organizer cells or LTi cells (Fig. 6c) . Although CD11c + cells have been described as being important for Peyer's patch initiation 19 and might thus be a source for RA, we did not find RALDH in the rare CD11c + cells present in lymph node anlagen at E13.5 ( Supplementary Fig. 6a and data not shown). To determine the cell type that expressed RALDH2, we stained for neuronal markers, including neuron-specific βIII tubulin ( Fig. 6d and Supplementary Fig. 6b ,c) and neurofilament ( Supplementary  Fig. 6d) . Notably, RALDH2 localized together with these neuronal markers near all anlagen, which demonstrates that neurons express RALDH2 and are a potential source of RA.
Vagal nerve stimulation leads to CXCL13 expression
The vagus nerve innervates the intestines, and stimulation of vagal efferent output can affect the mucosal immune system 35 . Thus, to further address whether neurons could induce CXCL13 expression in neighboring mesenchymal cells, we tested the effect of electrical stimulation of the right cervical vagus nerve 36 on CXCL13 expression in the ileum. First we determined the optimal time for induction of CXCL13 in the ileum at 4, 8 and 24 h after stimulation. We observed that CXCL13 was significantly induced at 8 h (Fig. 7a) . We subsequently tested whether CXCL13 induction at 8 h after stimulation required RARβ by administering the RARβ inhibitors LE540 and LE135 intraperitoneally 30 min before vagal nerve stimulation. We found that blocking RARβ abolished the induction of CXCL13 (Fig. 7b) . Thus, vagal nerve stimulation leads to the RARβ-dependent induction of CXCL13.
DISCUSSION
The present paradigm of lymph node development suggests that the first step in this process is the clustering of LTi and stromal organizer cells at site of lymph node formation 5,9,14 , followed by the engagement of LTβR on stromal organizer cells, which leads to enhanced expression of homeostatic chemokines and eventual recruitment of lymphocytes 2 . However, for the initial attraction of LTi cells, one or more of the homeostatic chemokines must be expressed in the developing lymph node anlagen before engagement of LTβR by LTαβ on LTi cells. Here we have shown that although both CXCL13 and CCL21 potently attracted LTi cells from E12.5-E14.5 embryos, only CXCL13 was expressed in all lymph node anlagen at this time.
As predicted, the early expression of CXCL13 occurred independently of LTβR signaling. Instead, we found that RA induced CXCL13 expression in mesenchymal cells and that early CXCL13 expression was abrogated in mice lacking the RA-synthesizing enzyme RALDH2. Notably, all lymph node anlagen were absent from E14.5 Cxcr5 -/-and Cxcl13 -/-embryos and were either missing or aberrantly formed in Raldh2 -/-mice. Thus, we conclude that the early, RA-dependent expression of CXCL13 is essential for the initial attraction of LTi cells and the formation of the early lymph node anlagen. Although the initial formation of lymph node anlagen was dependent on CXCL13, some lymph nodes do develop in Cxcl13 -/-and Cxcr5 -/-mice 16, 17, 37 , probably because of the recruitment of LTi cells by CCL21 that is expressed at later times by lymphatic endothelial cells. Consistent with that conclusion, cervical lymph nodes do not A r t i c l e s develop in Cxcr5 -/-Ccr7 -/-mice 18 , which lack the ability to respond to either CXCL13 or CCL21. However, they do develop in plt/plt Cxcl13 -/-mice 16 , which still retain CCL21 expression on lymphatic endothelial cells. The formation of abnormal lymph node anlagen in the cervical area of Raldh2 -/-embryos at E14.5 is also in agreement with that conclusion, as CCL21, but not CXCL13, is expressed in the cervical lymph node anlagen of Raldh2 -/-mice. As a result, LTi cells are initially recruited to the anlagen of cervical lymph nodes by CCL21 and then interactions between LTi cells and stromal organizer cells allow LTβR signaling, which results in cervical lymph node formation. In the mesenteric lymph nodes, lack of CXCL13 or its receptor can be restored by unknown agents after E14.5 and before E16.5, as we observed a rudimentary mesenteric lymph node at E16.5 in the Cxcr5 -/-mice. This restoration occurs around the time of Peyer's patch formation, which indicates that these processes might share common initiation cues. Unfortunately, embryos lacking Raldh2 die well before E16.5, which makes this mouse model unfit for analysis of the role of RA in the formation of mesenteric lymph nodes or Peyer's patches. It has been suggested that the nervous system regulates lymphoid organogenesis during Peyer's patch formation 19 , as the cells that initiate Peyer's patch development follow the migratory cues that are essential for the development of the enteric nervous system. Another example of neuronal influence on the immune system is the immunemodulating effect of the vagus nerve 38, 39 . We have shown here that vagal nerve stimulation caused CXCL13 induction in adult intestines and that this process also depended on RA receptor signaling, although the possibility of an indirect effect of the stimulated vagus nerve on induction of CXCL13 cannot be ruled out. Similarly, initial expression of CXCL13 during lymph node development depends on RA and may involve neurons positioned directly adjacent to CXCL13-expressing cells. Although we did not detect RALDH protein on mesenchymal or hematopoietic cells in lymph node anlagen between E12.5 and E14.5, small amounts may be present and may further contribute to CXCL13 expression. We propose that during the initiation of lymph node development, neuron-derived RA induces CXCL13 expression in mesenchymal cells, and this process determines the location of lymph nodes by attracting the first LTi cells. The mechanism by which RA is transferred to adjacent cells is unknown, but other paracrine effects of RA in the immune system have been described before 24, 25 . Obviously, lymph nodes are not formed along the entire neuron, whereas RALDH2 is expressed throughout the nerve fiber. We have observed that lymph node anlagen are often formed at the location where blood vessels branch (unpublished observations). These locations may somehow 'instruct' nerve fibers to release RA. The exact mechanism that determines the location of RA release will require further studies.
Our findings might further explain the many reports of CXCL13 expression and B cell follicles at sites of chronic inflammation or rejection [40] [41] [42] [43] [44] . By analogy to our findings on lymph node formation, we propose that neuron-derived RA at these sites of inflammation might similarly act on stromal cells to induce CXCL13 expression, leading to the attraction of B cells. Indeed, an increase in nerve fibers has been reported at sites of chronic inflammation 45, 46 , most probably due to the expression of neurotrophic factors 45, 47 . Expression of CXCL13 at the earliest stage of the development of rheumatoid synovitis, before the detection of any organized B cell cluster, has been reported 48 . Furthermore, induced expression of CXCL13 in the lungs after influenza infection occurs independently of LTα 49 , which suggests that other mechanisms, such as the induction of CXCL13 by RA, might have a role in the formation of ectopic follicles in the lung.
The findings we have presented here provide evidence that CXCL13 and RA are indispensable for the clustering of LTi cells during the first phase of lymph node formation and that factors in the RA-CXCL13-CXCR5 axis may similarly be important in the initiation of ectopic lymphoid structures during chronic inflammation.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
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